In a wind turbine system, a doubly-fed induction generator (DFIG), with nonlinear and high-dimensional dynamics, is generally subjected to unbalanced grid voltage and unknown uncertainty. This paper proposes a novel adaptive-gain second-order sliding mode direct power control (AGSOSM-DPC) strategy for a wind-turbine-driven DFIG, valid for both balanced and unbalanced grid voltage. The AGSOSM-DPC control scheme is presented in detail to restrain rotor voltage chattering and deal with the scenario of unknown uncertainty upper bound. Stator current harmonics and electromagnetic torque ripples can be simultaneously restrained without phase-locked loop (PLL) and phase sequence decomposition using new active power expression. Adaptive control gains are deduced based on the Lyapunov stability method. Comparative simulations under three DPC schemes are executed on a 2-MW DFIG under both balanced and unbalanced grid voltage. The proposed strategy achieved active and reactive power regulation under a two-phase stationary reference frame for both balanced and unbalanced grid voltage. An uncertainty upper bound is not needed in advance, and the sliding mode control chattering is greatly restrained. The simulation results verify the effectiveness, robustness, and superiority of the AGSOSM-DPC strategy.
Introduction
Over the past decade, renewable energy generation has continued to grow rapidly due to widely known problems such as environmental pollution and resource shortage [1] . Wind power generation accounted for 21% of renewable generating capacity until the end of 2018 [2] . The doubly-fed induction generator (DFIG) has become the most widely used electric generator in wind turbine systems, owing to its inherent advantages including high system efficiency, low converter rating, four-quadrant active and reactive power capability, variable wind speed operation, and controllable power factor [3, 4] .
DFIG control is one of the most difficult issues in a wind turbine system because DFIG dynamics is intrinsically nonlinear and high-dimensional; system model parameters are uncertain; and the encountered wind speed is random [5, 6] . Currently, the main control techniques for DFIG in industrial application are vector control (VC) and direct power control (DPC) [7] . Although the VC method has outstanding steady-state performance, its dynamic performance is rather disillusionary due to the hysteresis of proportional integral (PI) control [8] . Many studies improved the traditional VC [9] [10] [11] [12] , but some inherent problems still exist, such as that the control algorithm is complex, and synchronous coordinate transform and phase-locked loop (PLL) are still prerequisites [13, 14] .
DPC is a useful alternative to improve dynamic performance. Current rotor control loops are not required for a DPC scheme, and a switching table is directly used to select a suitable switching The rest of the paper is organized as follows: An elaborated model analysis is presented as Section 2. Section 3 presents the controller design and stability analysis. Section 4 shows the comparative simulation results obtained on a 2-MW DFIG. Finally, Section 5 provides the conclusions.
Model Analysis
The diagrammatic drawings of DFIG-based wind turbine system and DFIG equivalent circuit under a two-phase stationary reference frame are shown in Figure 1 . To facilitate the analysis and design, the DFIG equivalent model under two-phase stationary frame can be presented as follows [22] : Although phase sequence decomposition is not needed in the proposed control scheme, both positive and negative sequence components of stator voltage and current are listed to analyze the effect of DPC when DFIG is subjected to unbalanced grid voltage.
where U + sαβ , U − sαβ , I + sαβ , and I − sαβ are the amplitudes of positive and negative sequence components of stator voltage and stator current. The values θ + u , θ − u , θ + i , and θ − i are the corresponding initial phase angles.
Substituting Formulas (2) and (3) into Formula (1), the stator instantaneous power can be deduced as follows:
where P s0 and Q s0 are the average values of active and reactive power; P s1 , P s2 , Q s1 , and Q s2 are the oscillating components at twice the grid frequency of active and reactive power, respectively. According to Formulas (2) and (3), these oscillating components can be represented as follows:
This clearly indicates that P s1 , Q s1 and P s2 , Q s2 , caused by positive sequence voltage and negative sequence current and negative sequence voltage and positive sequence current, respectively, are the oscillating parts with twice the grid frequency. A third harmonic current is generated and causes severe harmonic distortion if active and reactive power are both simultaneously maintained as a constant under the unbalanced grid voltage condition.
Considering Formulas (2) and (3), the electromagnetic torque can be expressed as follows:
where T e0 is the average value of electromagnetic torque; T e1 and T e2 are the oscillating parts with twice the grid frequency. To neglect the effect of stator resistance, T e1 and T e2 can be denoted as follows:
In Formula (8), it is clearly indicated that T e1 and T e2 are caused by positive sequence voltage and negative sequence current, and negative sequence voltage and positive sequence current, respectively, and are the oscillating parts with twice the grid frequency, which may generate bearing chattering and influence the service life.
To achieve active and reactive power tracking under balanced grid voltage, and also to suppress stator current harmonics and electromagnetic torque ripples under unbalanced grid voltage, a new active power expression is used to track instead of the traditional active expression [18, 25, 38] . The new active power can be expressed as follows:
In Formula (9), U sαβ is the value which lags U sαβ by 90 electrical degrees.
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The delayed value of stator voltages can be represented as follows:
According to Formulas (1), (9) , and (10), the representations of new active power and traditional active power are consistent when only positive sequence voltage exists. This indicates that the power tracking strategy can still work well via the new active power under balanced grid voltage. P sn can be then further denoted as follows:
The equation P sn0 = P s0 can be easily satisfied, and P sn1 and P sn2 are represented as follows:
According to Formulas (8) and (12):
Because θ + u , θ − u , θ + i , and θ − i are the initial phase angles of positive and negative parts of voltage and current, then:
Then:
Therefore:
P sn1 + P sn2 = 0 and Q s1 + Q s2 = 0 can be satisfied simultaneously according to Formulas (6), (12) , and (16) . Thus, if the reference active power is placed as a constant and to track P sn , first, P sn1 + P sn2 = 0 is satisfied, and then Q s1 + Q s2 = 0 is established. Thus, a harmonic attenuation for reactive power can be achieved. Moreover, in terms of Formula (13) , T e = T e0 is satisfied and electromagnetic torque ripples are restrained.
According to Formula (9), the derivatives of P s and Q s can be represented as follows:
Considering Formula (1) and neglecting the effect of stator resistance and rotor resistance, the derivative of stator current can be deduced as follows:
where ρ = (L r L s /L 2 m − 1). The derivative of stator voltage under stationary reference frame can be denoted as follows:
By substituting Formulas (18)- (20) into Formula (17) , and converting to the matrix form:
Second-Order Sliding Mode Direct Power Controller Design
Control tasks for DPC are to track the new active power, P sn , and reactive power, Q s . The tracking errors are as follows:
For the sake of reducing steady state error and maintaining good dynamic performance, the integral form sliding mode surface can be adopted. Therefore, sliding mode surfaces are designed as follows:
where σ = σ P σ Q T , k P k Q are respectively integral gains of new active power and reactive power. The first-order time derivative of the sliding mode function is calculated as follows:
As most known parts of F and G in Formula (24) are regarded as uncertainties, control chattering can be serious if the constant speed FOSM or the super-twisting SOSM are directly applied to Formula (24) . Therefore, the controller is constructed as two parts. Formula (24) is firstly represented as known and unknown parts, as follows:
where F, G are the known part and ∆ = [∆ 1 ∆ 2 ] T contain uncertainty parameters, measuring errors, unmodeled dynamics, and so on. The value ∆ is related to physical parameters; thus,
∆ 2 ≤ L ∆2 are undoubtedly satisfied. L ∆1 and L ∆2 are constants.
Feedback control is designed as follows:
where u rα and u rβ are auxiliary control. Then:
where u rα and u rβ are designed based on a super-twisting algorithm [28] , as follows:
where λ rα , γ rα , λ rβ , and γ rβ are control parameters of the super-twisting SOSM. Finite time stability can be achieved as long as the SOSM, with respect to σ, can be established and maintained in finite time. The control parameters λ rα , γ rα , λ rβ , and γ rβ can be chosen according to Reference [39] , in which the parameters are required as follows:
The values L ∆1 and L ∆2 should be calculated and analyzed according to actual operating environment in the wind turbine system. Yet, the accurate values of L ∆1 and L ∆2 are usually difficult to acquire. Thus, it has practical meaning to design the adaptive control parameters λ rα ,γ rα ,λ rβ , and γ rβ .
The next procedure is to construct an adaptive law for λ rα ,γ rα ,λ rβ , and γ rβ , establish SOSM with respect to σ P ,σ Q in finite time, and track P sn ,Q s . The design procedure of λ rβ γ rβ are similar to λ rα γ rα .
Combining Formulas (27) and (28) and introducing state variable σ Pv = ∆ 1 − γ rα t 0 sign(σ P )dτ, then:
To choose vector ξ T = [sign(σ P ) σ P 1/2 σ Pv ] , an inequation d|x| dt = .
xsign(x) is adopted, then:
To define .
−γ rα 0 ,B = 0 1 , and C = 1 0 , according to Formula (32):
Considering the Lyapunov function:
where λ * rα and γ * rα are positive constants;
; a 1 ,a 2 , and µ P are positive constants, and m P is an arbitrary constant.
Notice that P is a positive definite symmetric matrix, so then the derivative of V 0 (ξ) is as follows:
To define Q = −(A T P + PA T + L 2 ∆1 C T C + PBB T P), Formula (35) can be written as follows:
A, B, C, P are substituted in Q, then:
In order to guarantee positive definiteness, define:
Formula (37) is substituted into Formula (38), then:
According to properties of the Schur complement, the conditions to guarantee a positive definiteness of Q and a minimum eigenvalue λ min Q) > m P 4 are as follows:
According to Formula (36):
According to ξ 2 2 = ξ 2 1 + ξ 2 2 = σ P +ξ 2 2 , then:
Then, Formula (41) can be represented as follows:
According to positive definite quadratic form V 0 (ξ) = ξ T Pξ:
In view of Formula (44):
Considering Formulas (43) and (45):
where r = m P 4λ 1/2 max (P)
, then:
where β P1 and β P2 are positive constants. The values λ rα and γ rα are both bounded. Therefore, Formula (47) is written as follows:
In order to achieve finite time convergence, to make ζ = 0, then the adaptive law for λ rα and γ rα are as follows:
For the sake of the uniformity of Formulas (49) and (38) , choose:
Formula (48) is rewritten as follows:
. V(ξ, λ rα , γ rα ) ≤ −min(r, a 1 , a 2 )V 1/2 (51)
Thus, V(ξ, λ rα , γ rα ) can converge to zero in finite time, and it can be observed that V 0 (ξ) can also converge to zero in finite time. Hence, when control gains λ rα and γ rα are chosen as follows:
the values σ P and . σ P can converge to zero in finite time and SOSM with respect to σ P can be established. Then, active power tracking is achieved.
Similarly, when control gains λ rβ and γ rβ are designed as follows:
SOSM with respect to σ Q can be established in finite time and the reactive power tracking objective can be achieved.
Simulation Results

Control System Overview
The system control diagram can be described as in Figure 2 according to the aforementioned design procedure. Firstly, the measured three-phase stator voltage,U sabc , and current, I sabc , are converted to U sαβ and I sαβ under two phase stationary frame, and U sαβ is calculated via U sαβ . Secondly, ψ sαβ is estimated according to stator voltage, and the active power, P sn , and reactive power, Q s , are calculated by Formulas (1) and (9) . Furthermore, the reference values of power, stator voltage, stator flux linkage, and stator current are applied as inputs of the AGSOSM direct power controller. Then, V rαβ can be obtained via related controller Formulas (26), (28), (29), (52), and (53). Then, V rαβ is converted to V r rαβ under the rotor reference frame. Finally, space vector pulse width modulation (SVPWM) is controlled by V r rαβ to generate S a , S b , and S c . It is observed that the control system is rather simple, and phase sequence, PLL, and the upper bounds of the uncertainties are not needed.
It should be noted that, though stator flux linkage is sometimes calculated via ψ sαβ = t 0 U sαβ − R s I sαβ , an integral operator is usually substituted by band-pass filter to avoid the drift phenomenon. A band-pass filter can help filter static state stator flux, which is a component that appears on account of instantaneous voltage dips, since the stator flux cannot change suddenly. The natural flux gives rise to a large voltage in the rotor and may induce an out of control state for the electric generator. Thus, stator flux linkage is expressed as follows:
where p is a Laplace operator and ω c is the cut-off frequency of the filter.
Simulation Experiment
Simulations were carried out under the MATLAB/Simulink platform for a 2MW DFIG with the characteristics shown in Table 1 . In order to verify the performance of the proposed AGSOSM-DPC strategy, comparative simulations based on FOSM-DPC [22] and FOSM-EDPC [25] were also executed. The dc-link voltage was maintained as 1200 V via a method mentioned in Reference [22] , which is not included here. The sampling frequency was set as 4 kHz for both the control strategies. The controller parameters were k P = 3500, k Q = 3500, β P1 = 5.7, a 1 = 3.5, µ P = 6.5, m P = 2.1, β Q1 = 4.5, a 3 = 2.2, µ Q = 6.2, and m Q = 3.5. Table 2 shows a quantitative comparison of the transitory response and power ripples of active power and reactive power, and total harmonic distortion (THD) of stator current and rotor current. It is evident that better dynamic performance is achieved under the proposed control strategy. Figure 6 shows control voltages under the three control strategies. It can be observed that control action is continuous because the SOSM method is adopted in the proposed AGSOSM control strategy. The control chattering is smaller, which means a longer service life. Figure 7 displays control parameters for the proposed AGSOSM control law. The control parameters can be adaptively adjusted according to system variation. Steady state responses under unbalanced grid voltage for the three control strategies are shown in Figures 8-10 . Active and reactive power are respectively set as 2MW and 0.5MVAr. Under the FOSM-DPC scheme, though active power and reactive power are maintained as the reference values, electromagnetic torque ripples are bigger and the stator current contains more harmonic components than the other two schemes. For the FOSM-EDPC and AGSOSM-DPC schemes, active power contains more ripples because the new active power is selected as the control target to obtain sinusoidal stator currents. As is shown in Figure 11 , control chattering is smaller under the proposed AGSOSM-DPC scheme than that under the other two control schemes. To expediently verify the robustness of the proposed AGSOSM-DPC scheme, the uncertainty of mutual inductance, which is often influenced by stator and rotor cores, is taken into account. In addition to this, the variations of stator resistance and rotor resistance should also be specially considered. The mutual inductance, stator resistance, and rotor resistance are reduced and increased to 50% L m , 50% Rs, 50% R r and 120% L m , 120% Rs, and 120% R r , respectively. The stator current, active power, and electromagnetic torque are shown in Figure 12 , which displays that the relative responses are almost the same as that of Figures 8 and 10 . This means the system is robust under the proposed AGSOSM-DPC. Figure 12 . Responses with 50% L m , 50% Rs, 50% R r and 120% L m , 120% Rs, and 120% R r.
Conclusions
This study proposes a novel DPC scheme for a wind-turbine-driven DFIG based on an AGSOSM super-twisting algorithm. First, SOSM direct power controllers were designed based on the detailed analysis for a DFIG model under a two-phase stationary reference frame. Then, adaptive control gains were constructed considering the unknown upper bound of uncertainty. The simulation results indicate that the proposed scheme is valid for balanced and unbalanced grid voltage. Remarkable steady-state performance and dynamic performance can be achieved under balanced grid voltage, and control chattering is significantly reduced. Under unbalanced grid voltage, electromagnetic torque ripples are restrained, and stator currents are sinusoidal. They can be simultaneously achieved without PLL and phase sequence decomposition. The more important contributions are that severe control chattering is significantly reduced, and the upper bound of uncertainty is not necessary during the operational process. 
